Abstract
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A new primer set was designed to specifically amplify ca. 1100 bp of aoxB genes encoding the 24
As(III)-oxidase catalytic subunit from taxonomically diverse aerobic As(III)-oxidizing bacteria. 25
Comparative analysis of AoxB protein sequences showed variable conservation levels and 26 highlighted the conservation of essential amino acids and structural motifs. AoxB phylogeny of 27 pure strains showed well-discriminated taxonomic groups and was similar to 16S rRNA 28 phylogeny. Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria-related 29 sequences were retrieved from environmental surveys, demonstrating their prevalence in 30 mesophilic As-contaminated soils. Our study underlines the usefulness of the aoxB gene as a 31 functional marker of aerobic As(III) oxidizers. 32 As-contaminated environments; Thiomonas sp. WJ68 and Thiomonas sp. NO115 isolated from 83 mining sites (7, 15); Chloroflexus aurantiacus DSM635 isolated from hot springs (30). A less 84 specific amplification was obtained for the archaeon Aeropyrum pernix DSM 11879. The 85 detection of distinct genera thus indicated the ability to detect diverse taxa of this metabolic 86 group with the newly designed primers. No amplification was obtained from the ten non As(III)-87 oxidizing bacteria used as negative controls, among which six harbor a molybdenum enzyme of 88 the DMSO reductase family (i.e. Rhodobacter sphaeroides, Desulfitobacterium hafniense, 89
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Bacillus selenitireducens, Geobacter metallireducens, Escherichia coli, Halomonas 90 denitrificans). 91
Sensitivity tests showed that as little as 8.3 pg of template DNA of H. arsenicoxydans was 92 needed for aoxB gene amplification. Knowing that the 3.4 Mb genome of H. arsenicoxydans 93 contains only one aoxB gene (27), this would represent approximately 2.2 x 10 3 copies of the 94 aoxB gene. The sensitivity was lower for the phylogenetically distant C. auriantiacus strain, the 95 detection limit being 1.7 x 10 4 aoxB gene copies. 96
Protein and nucleotide sequence analyses. Analyses were conducted on 29 sequences of 97 As(III)-oxidizing isolates, excluding recently published short sequences (16) and sequences from 98 whole genome data for which there is no experimental evidence that the corresponding strain 99 oxidizes As(III). 100
Examination of nucleotide sequence alignments using DNAsp version 4 software (33) 101 revealed a high proportion of variable sites (82%), of which 74% were parsimony-informative. 102
Conservation degrees ranged from 48.6% to 92.3%. The second codon positions were clearly 103 Figure 1 showed 22% identity on 372 amino acids. Three of the four 112 domains of the AoxB subunit described in A. faecalis (9) were retrieved in the aligned region (the 113 fourth domain extends outside the sequences presented here). Domain I extends from residue 21 114 to residue 119 (according to A. faecalis protein sequence numbering) and binds the Rieske 115 subunit and the [3Fe-4S] cluster coordinated by the motif C 21 -X 2 -C 24 -X 3 -C 28 -X 70 -S 99 . Except for 116 amino acids present in the X 70 region, a high conservation was observed, in particular between 117 residues 21-31 and residues 86-103. A highly conserved region between residues 166-261 118 encompassed domains II (residues 120 to 195) and III (residues 196 to 394) and contains several 119 structural motifs, such as alpha-helices and residues like H195 and E203 implicated in the 120 substrate binding site of the enzyme. Interestingly, the HNRPAYNSE motif is exactly conserved 121 in all bacterial As(III) oxidases. The conserved S99 and A196 residues are important in the 122 demarcation of the catalytic subunit of As(III) oxidase with the other members of the DMSO 123 reductase family of molybdenum enzymes (9). A lower amino acid conservation was observed in 124 the other parts of the protein, although the presence of multiple conservative substitutions 125
A C C E P T E D
suggests that the physico-chemical properties of these amino acids play a role in the structure 126 and/or the functioning of the As(III) oxidase enzyme. Finally, regions that contain no structural 127 suggesting that they produced functional enzymes. They were affiliated to sequences from strains 204 belonging to the Alpha-, Beta-, and Gamma-proteobacteria, with high bootstrap values (Fig. 3) . The exclusive detection of environmental AoxB sequences belonging to the phylum 225
Proteobacteria is probably related to the fact that we studied a mesophilic environment, which is 226 likely to contain a large majority of As(III) oxidizers from this phylum. To date, all but two of the 227
As(III)-oxidizing bacteria isolated from mesophilic sites belong to the phylum Proteobacteria, 228 and a recent study (16) has shown that 98% of aoxB-like sequences retrieved from mesophilic 229
As-contaminated soils and sediments belong to the Proteobacteria. The only reports on the 230 ability of mesophilic Gram-positive bacteria to perform As(III) oxidation concerned 231
Microbacterium lactis (25) and Bacillus arsenoxydans (14), the general physiology of the latter 232 organism being similar to the Betaproteobacteria A. faecalis (29). As(III)-oxidizing bacteria 233 belonging to other phyla, such as Deinococcus-Thermus (13), Chlorofexi (24) and Aquificae (8), 234 have only been isolated from geothermic sites. It is also noteworthy that As(III)-oxidizing 235
Proteobacteria are able to colonize geothermic sites (17, 35) . 236
Our study has demonstrated that the aoxB gene has the major features of a molecular marker: 237 (i) it has been found in all the aerobic As(III)-oxidizing bacteria tested so far, (ii) conserved 238 regions across this gene have enabled the design of valuable primers, and (iii) the studied region 239
is sufficiently large to obtain genetic variation allowing the discrimination of phylogenetic 240 groups. These data are encouraging for the further use the aoxB gene as a functional marker 241 specific to aerobic As(III) oxidizers in environmental diversity surveys. Future work will focus 242 on evaluating the link between As speciation and concentration and aoxB gene diversity and 243 abundance in the environment. The Alcaligenes faecalis sequence and its secondary structure were retrieved from the PDB 387 database (http://www.rcsb.org/pdb/welcome.do). Other As(III) oxidase protein sequences were 388 deduced from nucleotide aoxB sequences. Sequence alignment was carried out by ClustalW (39). 
